Introduction {#Sec1}
============

Rashba interface, that has a momentum-dependent spin splitting due to atomic spin-orbit coupling (SOC) and broken inversion symmetry at the interface, plays a key role in spintronics^[@CR1],[@CR2]^. Recently, the Rashba interface has been employed for efficient spin-charge (S-C) current interconversion^[@CR3],[@CR4]^. The conversion efficiency between spin and charge currents can be comparable or even larger than typical spin Hall materials such as Pt and W^[@CR5]^. Thus, Rashba effect has been studied intensively as an alternative phenomenon of spin Hall effect (SHE) to control the magnetization by spin current in spintronics devices^[@CR6],[@CR7]^.

Figure [1a](#Fig1){ref-type="fig"} shows the Rashba spin splitting in x-y plane, of which Rashba Hamiltonian can be described as $\documentclass[12pt]{minimal}
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                \begin{document}$${{\boldsymbol{H}}}_{{\rm{R}}}={\alpha }_{{\rm{R}}}({\boldsymbol{p}}\times \hat{{\boldsymbol{z}}})\cdot {\boldsymbol{\sigma }}$$\end{document}$; where $\documentclass[12pt]{minimal}
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                \begin{document}$${\boldsymbol{\sigma }}$$\end{document}$ is the vector of Pauli spin matrices, $\documentclass[12pt]{minimal}
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                \begin{document}$${\boldsymbol{p}}$$\end{document}$ is the momentum, and $\documentclass[12pt]{minimal}
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                \begin{document}$${\alpha }_{{\rm{R}}}$$\end{document}$ is so-called Rashba parameter which determines the splitting in momentum between spin-up and spin-down electrons. The conduction electron spins are aligned to the fictitious field along $\documentclass[12pt]{minimal}
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                \begin{document}$${\boldsymbol{p}}\times \hat{{\boldsymbol{z}}}$$\end{document}$ direction, forming a clockwise or counterclockwise spin texture. Flow of the charge current in the Rashba interface thus generates non-equilibrium spin accumulation, whose gradient drives a diffusive spin current into an adjacent conductive layer. This charge-to-spin (C-S) conversion is called the direct Edelstein effect (DEE). In reverse, injecting the spin current into the interface generates charge current via the interfacial Rashba effect. This phenomenon is called the inverse Edelstein effect (IEE), which has recently been demonstrated using Ag(111)/Bi interface with large Rashba splitting^[@CR3]^.Figure 1Rashba spin splitting and spin-to-charge conversion in NM/Bi~2~O~3~ interface. (**a)** Rashba spin splitting at NM/Bi~2~O~3~ interface. (**b)** An asymmetry distribution of $\documentclass[12pt]{minimal}
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                \begin{document}$${|\psi |}^{2}$$\end{document}$ generated by interfacial electric field *E*~inter~. Purple line and blue line respectively show the $\documentclass[12pt]{minimal}
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                \begin{document}$${|\psi |}^{2}$$\end{document}$ under smaller and larger field *E*~inter~. Green line show electrostatic potential *V*. (**c)** Experimental setup for the spin pumping measurement. (**d)** Schematic of spin-to-charge conversion at the NM/Bi~2~O~3~ interface. A spin current is pumped from the Py layer in resonance into the NM/Bi~2~O~3~ interface, and then converted to the charge current via the inverse Edelstein effect.

More recently, we found the similar S-C conversion at the Cu/Bismuth oxide (Bi~2~O~3~) interface by means of several techniques^[@CR8]--[@CR10]^. The experimental results revealed the presence of large spin splitting at the Cu/Bi~2~O~3~ interface. In order to obtain more efficient S-C conversion, it is worth understanding how to tune the spin splitting at this metal/oxide type interface.
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                \begin{document}$${\alpha }_{{\rm{R}}}$$\end{document}$ can be described as^[@CR11]^$$\documentclass[12pt]{minimal}
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                \begin{document}$${\alpha }_{{\rm{R}}}=(\frac{2}{{c}^{2}}){\int }^{}(\partial V/\partial z){|\psi |}^{2}\,\,dz,$$\end{document}$$where *c*, $\documentclass[12pt]{minimal}
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                \begin{document}$$\partial V/\partial z$$\end{document}$ and $\documentclass[12pt]{minimal}
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                \begin{document}$${|\psi |}^{2}$$\end{document}$ are respectively the speed of light, potential gradient and electron density distribution. *z* = 0 at the center of atoms at interface. Figure [1b](#Fig1){ref-type="fig"} shows a schematic illustration of *V* and $\documentclass[12pt]{minimal}
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                \begin{document}$${|\psi |}^{2}$$\end{document}$ at NM/Bi~2~O~3~ interfaces based on our ab-initio calculation. Most of the electrons are localized near the NM nuclei because of less charge density in the insulating Bi~2~O~3~ layer than the conductive NM layer. The potential gradient $\documentclass[12pt]{minimal}
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                \begin{document}$$\partial V/\partial z$$\end{document}$ in the vicinity of nuclei is dominant by the antisymmetric Coulomb force of the nucleus as shown in Fig. [1b](#Fig1){ref-type="fig"}^[@CR12],[@CR13]^; electron density distribution $\documentclass[12pt]{minimal}
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                \begin{document}$${|\psi |}^{2}$$\end{document}$ is determined by the hybridization state at the interface. Because the integral in equation ([1](#Equ1){ref-type=""}) is strongly affected by asymmetric feature of $\documentclass[12pt]{minimal}
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                \begin{document}$${|\psi |}^{2}$$\end{document}$^[@CR12],[@CR13]^, even a small modulation of $\documentclass[12pt]{minimal}
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                \begin{document}$${|\psi |}^{2}$$\end{document}$ can have notable effect on $\documentclass[12pt]{minimal}
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                \begin{document}$${\alpha }_{{\rm{R}}}$$\end{document}$, i.e. tuning Rashba spin splitting by changing surface potential^[@CR14]^. This suggests that the Rashba spin splitting can be controlled effectively by tuning the interfacial condition. In this study, we investigated the S-C conversion and Rashba parameter in various NM/Bi~2~O~3~ interfaces and demonstrate the clear variation of Rashba spin splitting by changing electron distribution.

Experimental Results {#Sec2}
====================

Detection of spin-to-charge conversion in NM (Ag, Cu, Au, Al) /Bi~2~O~3~ interfaces {#Sec3}
-----------------------------------------------------------------------------------

Figure [1(c)](#Fig1){ref-type="fig"} is a schematic illustration of the measurement setup. We prepared four different NM material samples. Each Ni~80~Fe~20~ (Py: 5 nm)/NM (Ag, Cu, Au, or Al 20 nm)/Bi~2~O~3~ (30 nm) tri-layer wire is placed beside a signal line of coplanar waveguide (CPW). The measured samples are fabricated by using photo-lithography and e-beam evaporation (see Method). The length and width of the wire are 200 μm and 14 μm, respectively.

Figure [1(d)](#Fig1){ref-type="fig"} is the schematic of spin-to-charge conversion at the NM/Bi~2~O~3~ interface. Ferromagnetic resonance (FMR) in Py layer is excited by rf current generated magnetic field *h*~rf~ in the CPW. Spin current caused by FMR is injected into NM/Bi~2~O~3~ layer. This spin current gives rise to an electric dc voltage *V* through the inverse spin Hall effect (ISHE) and/or inverse Edelstein effect (IEE). All measurements were performed at room temperature. The measurement results are shown in Fig. [2](#Fig2){ref-type="fig"}. Clear signals due to S-C conversion are detected for all samples. At the vertical axis, we show the output current values estimated from *V* because the sample resistance *R* is different in each sample. The angle *θ* is the angle between sample wire and external magnetic field *H* as shown in Fig. [1(c)](#Fig1){ref-type="fig"}. From this measurement, a strong NM materials dependence in amplitude and sign of detected signals is observed. The signal amplitude is almost the same between Py/Cu/Bi~2~O~3~ and Py/Ag/Bi~2~O~3~, but surprisingly their signs are opposite each other. While the amplitude of Py/Au(Al)/Bi~2~O~3~ is one order or two orders of magnitude smaller than Cu/Bi~2~O~3~.Figure 2Spin pumping experiment in various NM/Bi~2~O~3~ interface. Detected *V/R* spectrum of (**a)** Py/Ag/Bi~2~O~3~, (**b)** Py/Cu/Bi~2~O~3~; (**c)** Py/Au/Bi~2~O~3~ and Py/Au/Al~2~O~3~; (**d)** Py/Al/Bi~2~O~3~. The rf power-dependence of 5 samples is shown in the upper insets, and the angle-dependence of the normalized signal *V/R* is shown in the lower insets.

The contribution of ISHE in both Cu and Ag layers can be neglected since the values of spin Hall angle (SHA) for Cu and Ag are too small to explain the detected voltages^[@CR3],[@CR8]^ (see section 1 in supplementary information). The possibility of Bi impurity induced extrinsic spin Hall effect in NM can be excluded because the SH angles induced by Bi in Cu and Ag are both negative^[@CR15]^. Therefore, the influence of Bi impurities cannot explain the sign change of S-C conversion between Ag/Bi~2~O~3~ and Cu/Bi~2~O~3~. In addition, there is no notable difference between resistivities of Cu/Al~2~O~3~ and Cu/Bi~2~O~3~ bilayers, indicating that the contribution of Bi impurities should be small, and the S-C conversions in Py/(Cu, Ag)/Bi~2~O~3~ are dominated by IEE at their (Cu, Ag)/Bi~2~O~3~ interfaces.

While the contribution of ISHE in Au may be notable since SHA of Au is one order of magnitude lager than Cu and Ag^[@CR16],[@CR17]^. To estimate the contribution of ISHE in Au, we prepared the reference sample of Py/Au/Al~2~O~3~ trilayer. Figure [2(c)](#Fig2){ref-type="fig"} shows the output spectrum of Py/Au/Al~2~O~3~ and Py/Au/Bi~2~O~3~. From the signal amplitude in Py/Au/Al~2~O~3~, we estimated spin Hall angle $\documentclass[12pt]{minimal}
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                \begin{document}$$\,{\theta }_{{\rm{SH}}}$$\end{document}$ in Au layer is +0.40 ± 0.07% (see section 1 in supplementary information), which is in good agreement with reported values^[@CR17],[@CR18]^. By comparing the signal amplitudes of Py/Au/Al~2~O~3~ and Py/Au/Bi~2~O~3~, we found that the sign of S-C conversion at Au/Bi~2~O~3~ interface should be opposite to SHA in Au.

The rf power-dependence of 5 samples is shown in the upper insets to Fig. [2(a--d)](#Fig2){ref-type="fig"}. The detected signals increase linearly with the rf power, being consistent with the prediction of spin pumping model^[@CR19]^: It also indicates that the spin pumping experiment are in the linear regime of FMR. Furthermore, the angular dependence of the normalized signal is shown in the lower insets to Fig. [2(a--d)](#Fig2){ref-type="fig"}. All of them show the sinusoidal shape which is consistent with typical IEE model for 2D electron gas. This confirms that the observed S-C conversion signals arise from FMR spin pumping.

Spin-to-charge conversion coefficient and effective Rashba parameter in NM/Bi~2~O~3~ interfaces {#Sec4}
-----------------------------------------------------------------------------------------------

Table [1](#Tab1){ref-type="table"} shows the conversion coefficient $\documentclass[12pt]{minimal}
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                \begin{document}$${\lambda }_{{\rm{I}}{\rm{E}}{\rm{E}}}$$\end{document}$, effective Rashba parameter $\documentclass[12pt]{minimal}
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                \begin{document}$$|{\alpha }_{{\rm{R}}}|$$\end{document}$ estimated from first-principle calculation, damping constant $\documentclass[12pt]{minimal}
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                \begin{document}$${{g}_{{\rm{eff}}}}^{\uparrow \downarrow }$$\end{document}$ of different NM/Bi~2~O~3~ interfaces. Spin current density injected into NM/Bi~2~O~3~ interface is given by^[@CR20]^$$\documentclass[12pt]{minimal}
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                \begin{document}$${\lambda }_{{\rm{N}}}$$\end{document}$ are the gyromagnetic ratio, saturation magnetization, angular frequency, applied rf field, thickness of NM layer, and spin diffusion length of NM, respectively. More detailed experiment and calculation methods for estimation of spin current density is explained in Methods. This spin current is converted to charge current at the interface by IEE. The resulting charge current density $\documentclass[12pt]{minimal}
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                \begin{document}$${j}_{{\rm{c}}}=V/wR$$\end{document}$, where $\documentclass[12pt]{minimal}
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                \begin{document}$$R$$\end{document}$ are detected voltage, the width of the sample wire, and total resistance of the wire, respectively. For NM=Ag, Cu, Al, the conversion coefficient $\documentclass[12pt]{minimal}
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                \begin{document}$${\lambda }_{{\rm{IEE}}}$$\end{document}$ is calculated by $\documentclass[12pt]{minimal}
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                \begin{document}$${\lambda }_{{\rm{IEE}}}$$\end{document}$ has a unit of length. The estimated $\documentclass[12pt]{minimal}
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                \begin{document}$${\lambda }_{{\rm{IEE}}}$$\end{document}$ at NM/Bi~2~O~3~ (NM = Cu, Ag) interfaces is comparable with the reported value $\documentclass[12pt]{minimal}
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                \begin{document}$${\lambda }_{{\rm{IEE}}}$$\end{document}$ = 0.3 nm for Ag/Bi interface measured by spin pumping method^[@CR4]^, and is one-order larger than $\documentclass[12pt]{minimal}
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                \begin{document}$${\lambda }_{{\rm{IEE}}}$$\end{document}$ = 0.009 nm for Cu/Bi measured by lateral spin valves method^[@CR21]^. For NM = Au case, we separated the contribution of SHE and IEE for estimating $\documentclass[12pt]{minimal}
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                \begin{document}$${\lambda }_{{\rm{IEE}}}$$\end{document}$. (see section 1 in supplementary information).Table 1Conversion coefficient $\documentclass[12pt]{minimal}
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First-principles calculations {#Sec5}
-----------------------------

The details of electronic state such as charge density and electrostatic potential at NM/Bi~2~O~3~ interface were investigated by first-principles calculations. Figure [3(a--b)](#Fig3){ref-type="fig"} show the electronic states of the NM(111)/$\documentclass[12pt]{minimal}
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Discussion {#Sec6}
==========

From the experiments and the first principle calculations, we can confirm that the strong NM dependence of $\documentclass[12pt]{minimal}
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                \begin{document}$${{\alpha }_{{\rm{R}}}}^{{\rm{eff}}}$$\end{document}$ as a function of Δ*Φ*~NM-Bi2O3~ between NM and Bi~2~O~3~.

This trend could be explained by Fig. [1(b)](#Fig1){ref-type="fig"}, which is supported by the calculation results in Fig. [3(c and e)](#Fig3){ref-type="fig"}. When the interfacial electric field *E*~inter~, is quite small, the asymmetric $\documentclass[12pt]{minimal}
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Additionally, we found that there is a sign change of $\documentclass[12pt]{minimal}
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                \begin{document}$$\partial V/\partial z$$\end{document}$ is almost an antisymmetric function with respect to the nucleus, sign of $\documentclass[12pt]{minimal}
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                \begin{document}$${\alpha }_{{\rm{R}}}$$\end{document}$ is determined by whether the excess electron density is localized on NM side or Bi~2~O~3~ side. The opposite sign between Ag/Bi~2~O~3~ and Cu/Bi~2~O~3~ should come from the different asymmetry of $\documentclass[12pt]{minimal}
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                \begin{document}$${|\psi |}^{2}$$\end{document}$. When there is a sign change of Δ*Φ*, the *E*~inter~ in Fig. [1(a)](#Fig1){ref-type="fig"} has opposite direction. Assuming that Ag/Bi~2~O~3~ and Cu/Bi~2~O~3~ interfaces have similar hybridization state, the opposite direction of *E*~inter~ may shift the $\documentclass[12pt]{minimal}
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                \begin{document}$${\alpha }_{{\rm{R}}}$$\end{document}$. This opposite direction shift is demonstrated by calculation results in Fig. [3(e)](#Fig3){ref-type="fig"}. Also in case of Gd(0001) and O/Gd(0001) surface, it has been reported that the sign change behavior is caused by asymmetry of $\documentclass[12pt]{minimal}
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                \begin{document}$${|\psi |}^{2}$$\end{document}$ due to top oxide layer^[@CR29]^. While in case of Al/Bi~2~O~3~ interface, the sign is not as expected by the same scenario as NM = Ag, Cu, and Au. Since Al itself has quite different electronic state with Ag, Cu, and Au (group 11 elements), the hybridization state at Al/Bi~2~O~3~ interface may have different asymmetric feature with others and that's why Al/Bi~2~O~3~ interface does not have the same sign as Ag/Bi~2~O~3~ though their Δ*Φ*~NM-Bi2O3~ are both negative.

In summary, we have demonstrated the large magnitude variation and sign change of S-C conversion originated from Rashba spin-splitting at various NM/Bi~2~O~3~ interfaces. This strong variation comes from the material dependent electron distribution near the interface. The experimental results, supported by calculation, suggest that $\documentclass[12pt]{minimal}
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                \begin{document}$${|\psi |}^{2}$$\end{document}$ could be controlled by tuning interfacial electric field between NM and Bi~2~O~3~. This study provides a further understanding of the origin of the large spin-splitting at NM/Bi~2~O~3~ interfaces, and also shown an effective way to tune the magnitude and sign of S-C conversion by changing the electron distribution. Furthermore, our results and measurement technique may provide a guiding principle for finding novel NM/oxide interfaces with large spin-splitting in the future.

Methods {#Sec7}
=======

Sample preparation {#Sec8}
------------------

The measured tri-layer samples, Py(5 nm)/NM (Ag, Cu, Au, Al 20 nm)/Bi~2~O~3~ (30 nm), were deposited on SiO~2~ (200 nm)/Si substrate by e-beam evaporation method. The base pressure in the chamber was 3 × 10^−5^ Pa. The evaporation rate of Py, NM and Bi~2~O~3~ layer were 0.2 Å/s, 2.0 Å/s, and 0.2 Å/s, respectively. The waveguide, Ti(5 nm)/Au(150 nm) is also made by e-beam evaporation. Above the tri-layer samples, an 180 nm Al~2~O~3~ insulating layer is deposited by RF magnetron sputtering for separating the waveguide and the samples. The deposition pressure was 2 × 10^−4^ Pa. Film crystallinity of NM layer measured by X-ray diffraction (XRD) shows in Figure [S1](#MOESM1){ref-type="media"} in supplemental information.

Enhancement of magnetic damping constant {#Sec9}
----------------------------------------

Figure [5(a)](#Fig5){ref-type="fig"} shows rf current frequency as a function of the magnetic resonant filed. By fitting with Kittel formula, $\documentclass[12pt]{minimal}
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                \begin{document}$${\mu }_{0}{M}_{{\rm{s}}}$$\end{document}$ of the Py can be derived. Figure [5(b)](#Fig5){ref-type="fig"} shows the half width at half maximum (HWHM) as a function of rf current frequency. From the slope, we can estimate an effective magnetic damping constant $\documentclass[12pt]{minimal}
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                \begin{document}$${\rm{\Delta }}{H}_{0}$$\end{document}$ are the gyromagnetic ratio of electrons and the offset of the HWHM, respectively. For Py/Cu bilayer, almost all of the injected spin current is reflected back to the Py layer without spin relaxation in Cu layer^[@CR31]^, because the spin diffusion length in Cu of 400 nm^[@CR30]^ is much larger than NM layer thickness of 20 nm. Therefore, Py/Cu bilayer sample shows the smallest slope corresponding to the smallest damping of FMR. In contrast, all of the other samples show the enhancement of damping in FMR. It implies that for Py/Ag/Bi~2~O~3~ and Py/Cu/Bi~2~O~3~, spin current is injected into the interface. On the other hand, for Py/Au/Bi~2~O~3~, both SOC in Au bulk and at Au/Bi~2~O~3~ interface contribute to the enhanced the damping of FMR. By comparison with control sample of Au/Al~2~O~3~, the contribution of Au/Bi~2~O~3~ interface for damping of FMR can be estimated as shown in Table [1](#Tab1){ref-type="table"}.Figure 5FMR measurement results in various NM/Bi~2~O~3~ films. (**a)** Rf current frequency as a function of the magnetic resonant filed. (**b)** Half width at half maximum (HWHM) as a function of rf current frequency.

Estimation of spin current density {#Sec10}
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The enhancement of the magnetic damping constant gives the spin injection efficiency known as spin mixing conductance^[@CR18]^,$$\documentclass[12pt]{minimal}
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When the power of 9 GHz rf current is 20 dBm, the estimated cone angle of Py/Al~2~O~3~ is 3.7° and the $\documentclass[12pt]{minimal}
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                \begin{document}$${\lambda }_{{\rm{N}}}$$\end{document}$ = 35 nm from a reported value (see section 1 in supplementary information).

First-principles calculation method {#Sec11}
-----------------------------------

We performed density functional calculations within the general gradient approximation^[@CR36]^ using OpenMX code^[@CR37]^, with the fully relativistic total angular momentum dependent pseudopotentials taking spin-orbit interaction (SOI) into account^[@CR38]^. We adopted norm-conserving pseudopotentials with an energy cutoff of 300 Ry for charge density including the 5d, 6s and 6p-states as valence states for Bi; 2*s* and 2*p* for O; 3s, 3p, 3d and 4s for Cu; 4p, 4d and 5s for Ag; 5p, 5d and 6s for Au. We used 16 × 12 × 1 regular k-point mesh. The numerical pseudo atomic orbitals are used as follows: the numbers of the *s*-, *p*- and d-character orbitals are three, three and two, respectively; The cutoff radii of Bi, O, Cu, Ag and Au are 8.0, 5.0, 6.0, 7.0 and 7.0, respectively, in units of Bohr. The dipole-dipole interaction between slab models can be eliminated by the effective screening medium (ESM) method^[@CR39]^.

Electronic supplementary material
=================================

 {#Sec12}

Supplemental information

**Electronic supplementary material**

**Supplementary information** accompanies this paper at 10.1038/s41598-018-23787-4.

**Publisher\'s note:** Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

This work was supported by Grant-in-Aid for Scientific Research on Innovative Area, "Nano Spin Conversion Science" (Grant No. 26103002 and No. 15H01015), Grant-in-Aid for Young Scientists (B) (Grant No. JP17K14077) from MEXT. The first-principles calculation was supported in part by MEXT as a social and scientific priority issue (Creation of new functional devices and high-performance materials to support next-generation industries) to be tackled by using post-K computer (Project ID: hp160227). H.T. was supported by Japan-Taiwan Exchange Association Scholarships. S. K. was supported by Japan Society for the Promotion of Science through Program for Leading Graduate Schools (MERIT).

F.I. and Y.O. conceived the project. H.T., S.K. and K.K. designed and performed spin pumping measurement. H.T. and K.K. wrote the main paper. N.Y. and F.I. performed the first-principles calculation and wrote the calculation part. All authors discussed the results and commented on the manuscript.

Competing Interests {#FPar1}
===================

The authors declare no competing interests.
